We have found the following general relativity ͑GR͒ result: when a light ray is emitted and travels in a ͑nearly͒ uniform gravitational field g, its parabolic trajectory is that of one that would be traced by a massive Newtonian particle in a field three times greater, 3g. So, if a photon departs from a point on the Earth's surface, with an initial horizontal direction, and goes over a distance ⌬L͓(⌬L/R)Ӷ1͔, its linear vertical deflection is ⌬H GR ϭ 3 2 ͓g(⌬L) 2 /c 2 ͔. The Newtonian result would be three times smaller. That is to say, the principle of equivalence is responsible for one-third of the vertical deflection. We think that this remarkable difference deserves research into the possibility of a GR test based on the vertical fall of terrestrial light.
The sensitivity of general relativity ͑GR͒ tests has been constantly on the increase as new technologies have become more sophisticated: atomic clocks, radar and laser ranging to targets, very long base line interferometry ͑VLBI͒, etc. ͓1,2,3͔. With respect to these, one of the most recent experimental proposals considers ͓4͔ the deflection of spacecraft trajectories. It involves a very high precision in both drag free systems as well as spacecraft tracking.
Up to the present, experiments involving the bending of light have been founded on the angular deflection of photons, emitted from a distant star or galaxy, which suffer from the influence of attracting bodies, such as the Sun. The consequence is that the asymptotically free initial and final directions of the photons are included in the calculations. As is well known ͓1͔, the ''classic derivations'' that only use the principle of equivalence or the corpuscular theory of light ͓5,6͔ cause only part of the deflection. The other part is determined by the metric theory employed. For GR these contributions have the same weight.
One of the major sources of error in experimental measurements is the solar corona. Using VLBI, the relativistic value has been confirmed within 0.02% ͓9͔.
However, to take a different perspective, we can leave aside the starlight angular deflections, and focus our attention on the parabolic trajectory of a photon that is emitted and travels in the vicinity of the Earth's surface. Obviously, in this case, there are no asymptotically free directions or speeds. The principal conclusion of our study is somewhat unexpected: the photon's acceleration that corresponds to this parabola is 3g instead of g.
The calculation that leads to the previous statement is fairly simple. As the photon travels in a nearly uniform and weak gravitational field, we must work to first order in GM /c 2 RϷ6.95ϫ10
Ϫ10
. We keep only terms to the lowest order in that predict a nonstraight path for the light ray. Thus, we work at second order in ͑see Fig. 1͒ . The equation governing the orbit of a photon in Schwarzschild's geometry is ͓8͔
To first order in GM /c 2 R, the general solution of Eq. ͑1͒ is ͓8͔
where B and D are two arbitrary constants that are determined by our initial conditions:
FIG. 1. The deflection of a light ray in the Earth's gravitational field ͑greatly exaggerated͒ and the quantities referred to in the text. The point B has Schwarzschild's coordinates ͑x,y͒.
But ͑see Fig. 1͒ yϭr cos() It is now necessary to consider that the physical horizontal journey length, ⌬L, corresponds to the x coordinate and likewise for the physical fall (⌬H) and ⌬y. In order to find the relationships between the Schwarzschild's coordinates and the measurable magnitudes, a standard first-order straight-line approximation technique is employed ͓8͔: we can integrate the Schwarzschild spatial line element, dl 2 ϭ͓1ϩ(2GM /c 2 R)͔dr 2 ϩr 2 d 2 , along the straight lines AK ͑or JB͒ and KB, whose polar equations are AK:r cos͑ ͒ϭR ͑9͒
JB:r cos͑ ͒ϭy ͑10͒
BK:r sin͑ ͒ϭx. ͑11͒
Then it is a simple matter to carry out the two integrals,
͑13͒
Accordingly, the relationship between the Schwarzschild's coordinates ⌬y and x, remains between ⌬H and ⌬L,
The last equation would still be valid even if it were ⌬L ϭx͓1ϩO(GM /c 2 R)͔. Let ⌿ be the angle formed by the initial photon's speed at A(0,R) and the horizontal ͑we use the standard convention of signs͒. When this angle is other than zero a purely kinematical term must be taken into account. Instead of Eq. ͑8͒ we have
A heuristic and rapid explanation of the 3g factor can be given: the differential equation of the trajectory of a Newtonian particle of mass m submitted to the gravitational field
where l is the constant angular momentum. If the initial horizontal velocity is c, then lϭRmc.
2 R 2 ͑Newton͒; which must be compared with the photon orbit's equation
When the light journey is much less than R, we can make in the Einsteinian equation u 2 Ϸ1/R 2 . In doing so, we arrive at (
2 R 2 , which coincides with the Newtonian result on the condition that we substitute M for 3M , that is to say, g for 3g.
We can also find the linear deflection in the frame of the alternative metric theories of gravity. Let ␥ be the postNewtonian spatial curvature parameter, which enters the PPN ͑parametrized post-Newtonian͒ formalism. In ''standard'' or Schwarzschild-type coordinates, the differential equation that determines, to first order, the photon's trajectory is ͓2͔
where b 2 ϭR 2 /B(R) assuming that rЈ(0)ϭ0. Making the change uϭ1/r and differentiating with respect to we obtain
Appropriately modifying our previous calculation results in the ͑PPN͒ vertical deflection:
Equation ͑20͒ shows clearly the two contributions to this relativistic effect: the ''1'' is attributable to the equivalence principle, the ''2␥'' varies from theory to theory. As we have seen, general relativity (␥ϭ1) predicts a 3g effective acceleration of a photon.
When ⌬L/RӶ1, ⌬H is a very small quantity. Consequently, the only way to make ⌬H physically measurable is by forcing a short light laser pulse to suffer a constant gravitational field inside a long vacuum tube by means of multiple reflections on the end mirrors. The length of the pulse must be much smaller than the length of the tube to prevent interference effects along it. Suppose that a photon is shot at the point A ͑see Fig. 1͒ with an initial direction perpendicular to the Earth's radius . It reflects n times between two vertical and parallel mirrors, M and N, separated by a distance equal to L ͑see Fig. 2͒ .
The total vertical fall, ⌬H, is the sum of the partial falls suffered between two consecutive reflections. To find this length, let us consider the extended trajectory: the one that would be traced in a uniform field in the absence of mirrors. The laws of reflection permit us to reconstruct the real path between them ͑A-B-C-D-E-F-. . . ) by the following translations from the arcs of the extended trajectory:
We conclude that the total fall between M and N is equal to that which corresponds to the extended trajectory:
If the length of the tube is, for example, Lϭ1 km, then, after nϭ10 4 reflections ⌬HϷ1.64 cm; when nϭ5ϫ10 4 the vertical deflection is 25 times greater: ⌬HϷ41 cm, and so on.
The extended trajectory is a geometrical trick designed to derive, in a pictorial and intuitive way, our previous result. Hence, a detailed derivation follows. Let us focus on a generic part of the trajectory of the photon such as C-D-E-F in Fig. 2 . Let us make the following identifications: C ϵ P i (0,y i ), Dϵ P iϩ1 (L,y iϩ1 ), Eϵ P iϩ2 (0,y iϩ2 ). We will denote the trajectory, C-D, of the incident photon at P iϩ1 by ⌫ i . The trajectory of the reflected photon, D-E is ⌫ iϩ1 and E-F is denoted by ⌫ iϩ2 . The angles of the tangents to ⌫ i at the points P i and P iϩ1 are ⌿ i and ⌿ iϩ1 respectively. The angles of the tangents to ⌫ iϩ1 at the points P iϩ1 and P iϩ2 are ⌿ iϩ1 Ј and ⌿ iϩ2 Ј . Also ⌿ iϩ2 is the angle of the tangent to ⌫ iϩ2 at P iϩ2 . Finally, the light fall of ⌫ i is ⌬y i ϭy i Ϫy iϩ1 and that of ⌫ iϩ1 is ⌬y iϩ1 ϭy iϩ1 Ϫy iϩ2 .
The equation of ⌫ i ,
By differentiation of Eq. ͑23͒ we get the relationship between the angles ⌿ i and ⌿ iϩ1 ,
The equation of ⌫ iϩ1 ͑with the origin of the x-coordinate at the mirror N͒,
In the same manner, by differentiation of Eq. ͑26͒, we get
But, according to the laws of reflection, tan(⌿ iϩ1 Ј )ϭ Ϫtan(⌿ iϩ1 ) and tan(⌿ iϩ2 Ј )ϭϪtan(⌿ iϩ2 ). So Eqs. ͑27͒ and ͑28͒ become
͑30͒
Equations ͑29͒ and ͑30͒ are the same as Eqs. ͑24͒ and ͑25͒ upon the substitution of i by iϩ1. So the total fall, ⌬y, can be computed by means of the recurrence relationships ͑24͒ and ͑25͒: From Eqs. ͑31͒ and ͑32͒ the result we hoped for easily follows:
From a theoretical point of view, we can ask ourselves what is meant by the ͑nonlocal͒ concept of parallel mirrors. It can be shown that if the vector (0,1) at the point A(0,R) is parallel transported along the line yϭR to the point K(x,R) ͑see Fig. 1͒ , then the transported vector at this point has its first component also equal to zero in supposing this order of approximation is followed. Obviously, the mirror N must not have the direction of the Earth's radius at this point: if it were so, the angle formed by the mirrors would be of the order of L/R. A nonzero angle would invalidate our conclusions about the total fall of light.
When Lϭ1 km and nϭ2, Eq. ͑22͒ gives an extremely small vertical deflection: ⌬HϷ6.5ϫ10 Ϫ10 m. Obviously, when a photon hits two points on the mirror M which are separated by such a small distance, there is not an experimental way of discriminating between these points. This means that, from an operational point of view, N can be considered parallel to M when a light ray shot from any point on M reflects in N and goes back to the point of departure in M.
On the other hand, we have seen that when the angle, ⌿ϵ⌿ 1 , formed by the initial photon's speed at A and the horizontal is other than zero, a purely kinematical term appears which tends to mask our relativistic ''3g effect'':
But, from Eq. ͑13͒, ⌬yϭ⌬H͓1Ϫ(GM /c 2 R)͔. Now we take into account that GM /c 2 RϷ6.95ϫ10 Ϫ10 , 2 Ϸ2.5 ϫ10 Ϫ8 ͑for Lϭ1 km) and Eq. ͑12͒ to conclude that ⌬y and x can be taken as the measurable magnitudes.
In Fig. 3 we have plotted ⌬y versus x, in both the Einsteinian (E i ) and the Newtonian (N i ) cases, for several angles ⌿ in the interval ͓Ϫ0.001,0.001͔ ͑seconds of arc͒. The initial dispersion of the photon's angles of the laser pulse gives rise to the final spreadout of their vertical deflections: the segments E 1 ϪE 5 and N 1 ϪN 5 respectively.
In conclusion, as illustrated by Fig. 3 , the order of magnitude of the vertical deflections is appreciable, given the ͑reasonable͒ length of the tube and the number of reflections considered. On the other hand, present day technology associated with the generation, control, and detection of laser pulses which are propagated inside vacuum tubes, with mirrors of very high reflectivity, is well advanced. We therefore believe that our outline of an experimental proposal is feasible and not unrealistic. It would constitute a very interesting terrestrial version of one of the ''classic predictions'' of Einstein's theory.
